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ABSTRACT: Underground salt cavities used for compressed air energy storage undergo cyclic loads and are
subject to a fatigue phenomenon that reduces rock strength and stiffness. Understanding such behaviors and de-
veloping relevant constitutive models require a micro-mechanical analysis. This study investigates damage and
fatigue in salt rock, the extent of which is influenced by its polycrystalline nature, on the basis of self-consistent
upscaling approaches for viscous heterogeneous materials. We develop a model that treats monocrystals as
spherical inclusions embedded in an infinite homogeneous matrix with purely elastic inclusion-matrix inter-
actions. To predict grain breakage and its subsequent impact, we also introduce a failure criterion. The model
provides micro-mechanical interpretations of the common viscoplastic and fatigue behavior of salt such as dam-
age and accelerated creep from grain breakage and the shakedown effect observed in elastoplastic media. Finite
element (FE) simulations confirmed the macrostrain and microstress predictions obtained by homogenization.
The FE program will be used in future studies to simulate inter-granular fracture propagation. This study pro-
vides new perspectives on research pertaining to the microscopic origin of fatigue in viscous polycrystalline
materials.
1 INTRODUCTION
Salt cavities used for the underground storage of oil
and natural gas sustain weekly to seasonal thermo-
mechanical load cycles. Compressed air energy stor-
age (CAES) facilities are subject to shorter load cy-
cles on the order of a day. Experimental data show that
the resulting fatigue process of salt rock (i.e., Young’s
modulus and strength decrease) slows down as the
load frequency increases. Fatigue is a significant di-
mensioning factor for CAES design. However, be-
cause of the numerous variables influencing salt dam-
age under cyclic loading (e.g., stress amplitude, load-
ing frequency) and the high number of cycles required
to assess the effect of fatigue in the laboratory, the ex-
perimental characterization of fatigue in salt rock re-
mains a challenge.
In the present paper, we analyze the origin of
salt fatigue from the study of the deformation of
micro-mechanisms, which drive the deformation of
halite crystals in polycrystalline materials. The plas-
tic and viscous deformation of salt crystals results
from several fundamental mechanisms such as dis-
location glide, dislocation climb, polygonalization,
inter-granular slip, and dissolution-precipitation. Un-
der stress and temperature typical of storage condi-
tions, dislocations are the predominant mechanisms
contributing to macroscopic salt rock deformation.
Dislocation movements occur only on specific crys-
tallographic surfaces and along a limited number of
directions. Restricted movements inside a monocrys-
talline grain cause incompatibilities between the non-
elastic deformation of adjacent grains, which induces
internal stresses within the polycrystal.
In this paper, we model the macroscopic viscous
behavior of the polycrystalline medium with a self-
consistent method. We explain the microscopic ori-
gin of fatigue in salt rock in Section 2, present the
homogenization scheme in Section 3, and calibrate
our micro-macro model of salt viscous fatigue against
creep tests reported in the literature in Section 4. Then
we simulate both creep tests and cyclic loading tests
in Section 5 and present the implementation of the
proposed micro-macro evolution law into a finite el-
ement method (FEM) based tool, Porofis, in Section
6.
2 FATIGUE IN SALT ROCK
Salt rock subjected to cyclic loads differs greatly from
that under static loads in its mechanical properties. As
the number of loading cycles increases (Fuenkajorn &
Phueakphum 2010, Dubey & Gairola 2000, Ma et al.
2013), Young’s modulus and the compressive strength
of salt rock decrease. The degradation of elastic mod-
uli increases with maximum stress and with the am-
plitude of loading (Guo et al. 2012). Fatigue initi-
ates faster for lower loading frequency (Fuenkajorn
& Phueakphum 2010, Liang et al. 2011, Ma et al.
2013, Liu et al. 2014). Compared to the amplitude
and the frequency, fatigue is not significantly influ-
enced by confining stress (Ma et al. 2013). Dubey &
Gairola (2000) also investigated the influence of the
orientation of the bedding planes, and Filimonov et al.
(2001) analyzed the memory effects in salt subject to
triaxial stress states. However, laboratory studies are
usually constrained by the range of investigated fre-
quencies, which are significantly higher than those in
actual CAES conditions. Because of the requirement
of a sufficiently long loading period and a large num-
ber of loading cycles, low frequency experiments are
more difficult to conduct. Although cracking under
viscous deformation has been observed (e.g., Gaye
et al. 2014), current laboratory tests do not allow to
exhibit a clear fatigue behavior at low frequencies.
Moreover, the long-term behavior of salt rock can-
not be elucidated with macroscopic laboratory tests
and requires an investigation of micro-level processes
based on up-scaling or micro-mechanics approaches.
Halite crystal follows a typical face-centered cu-
bic (FCC) structure (Figure 1). Taking all constituents
of the crystal as atoms, intra-granular dislocations
can occur on planes separating the two densest grain
fractions, that is, on planes normal to the < 1 1 1 >
direction of the grain coordinate system. However,
halite crystals comprise two FCC ionic sub-networks
(sodium Na+ and chloride Cl−). Because of elec-
tronic interaction forces between ions, the planes
along which sliding requires the minimum energy in-
put are the {1 0 1} planes.
Figure 1: Face-centered cubic (FCC) crystal structure of salt.
In the local coordinate system of the mono-crystal,
sliding systems (Al) are written as
Al = Nl ⊗Ml, (1)
in which Nl is the vector normal to the lth slid-
ing plane and Ml the lth unit sliding vector, with
the sign representing the symmetrized tensor product.


















The sliding directions are given by
M1 = −N4 M2 = −N5 M3 = −N6
M4 = −N1 M5 = −N2 M6 = −N3
(3)
Sliding system N4 ⊗M4 (N5 ⊗M5 and N6 ⊗M6,
respectively) is normal to sliding system N1 ⊗M1
(N2 ⊗M2 and N3 ⊗M3, respectively). Moreover,
N1 ⊗M1 = N2 ⊗M2 + N3 ⊗M3. (4)
Therefore, only two independent sliding mechanisms
exist for each grain. In global matrix coordinates, the











in which nl is the vector normal to the lth sliding
plane, andml is the lth unit sliding vector. Moreover,





in which γ̇l is the rate of viscoplastic (shear) deforma-
tion of grains subjected to the lth sliding mechanism.
For halite mono-crystals, L = 6 (with only two inde-





be related to the lth sliding mechanism expressed in




, by means of a pro-









where the projection tensor [P] is decomposed as








































in which Ψ, θ, and Φ are the angles representing the
orientation of the grain as described in Section 3.1.
Note that contrary to previous salt plasticity models
(Pouya 2000), viscoplastic models have no threshold;
therefore, sliding mechanisms are all active. Local
shear stress (τ l) is related to micro-stress (σ) by
τ l = σ : al. (11)
Based on the correlations established by Wanten et al.
(1996), we assume that the irreversible shear defor-
mation obeys a power law:




in which n and γ0 are material parameters, γ0 a strain
rate, and τ0 a reference shear stress, arbitrarily set
equal to 1MPa. In this study, the model is calibrated
with γ0. hl depends on the sign of τ l: If τ l is positive,
hl = 1, and if τ l is negative, hl = −1.
3 HOMOGENIZATION SCHEME
3.1 Averaging Method
We consider the representative elementary volume
(REV) of salt rock an aggregate of halite mono-
crystals of various orientations. Averages computed
in the space of crystal orientations form the basis of
the upscaling scheme. To determine a system of coor-
dinates in this space, let (X,Y,Z) denote a system of
crystallographic axes attached to the inclusion (Fig-
ure 2). The orientation of the Z-axis is determined by
two spherical coordinates (angles Ψ and θ), defined in
the Cartesian coordinate system (x, y, z). Let (u, v, z)
be the system obtained from (x, y, z) through rotation
around the z-axis at angle Ψ. Let (U,v,Z) be the sys-
tem obtained from (u, v, z) through rotation around
the v-axis at angle θ. System (X,Y,Z) is obtained
from system (U,v,Z) by additional “spinal” rotation
around the Z-axis at angle Φ, which varies between 0
and 2π.
The probability of having a Z-axis of orientation
(Ψ, θ, Φ) is the product of the probability of the occur-
rence of solid angle Ω (measured by dΩ = sinθdθdΨ)
by that of spinal rotation Φ (measured by dΦ). There-
fore, the density of the probability of the occurrence
of grain orientation ω1 is measured by
dp = p(ω1)dω1 = p(Ψ, θ,Φ) sinθ dθdΨdΦ. (13)
Figure 2: Characterization of mono-crystal orientations in a
spherical coordinate system.
















f(Ψ, θ,Φ) sinθ dθdΨdΦ.
(14)
Salt rock is made of halite (NaCl) mono-crystals,
all of which have the same FCC structure. Since the
inclusion (or “grain”) represents a single crystal, crys-
talline symmetries allow the reduction of the varia-
tion of Φ to interval [0, π/2]. Finally, changing θ to
π − θ, Ψ to 2π − Ψ and Φ to 2π − Φ leads to the
same crystallographic orientation (in which Y is re-
placed by −Y ). This substitution reduces the domain
of variations of θ to interval [0, π/2]. Because a uni-
axial macroscopic loading test is simulated, the REV
presents a symmetry around the z-axis. Therefore, Ψ
can be set equal to a constant (Ψ = 0 is adopted in the
following). As a result, in the proposed approach, the








f(θ,Φ) sinθ dθdΦ. (15)










We assume the same probability of occurrence for all
grain orientations, that is, following a uniform proba-
bility density function. To obtain equipotent points in
a discrete integration scheme, it is sufficient to divide
the domain of variation of u ([0,1]) into nu intervals
of central value ui and the domain of variation of Φ
([0, π/2]) into nΦ intervals of central value Φj . The







in whichN = nu nΦ and θi =Arcos(ui). We used 200
orientations in the following simulations (i.e., N =
200).
3.2 Inclusion-Matrix Model
The stresses and strains in mono-crystals depend on
the macroscopic load imposed on the aggregate and
on the interactions among these mono-crystals. The
interactions among grains is accounted for through
a simplified “inclusion-matrix model.” Following a
self-consistent upscaling scheme, each mono-crystal
is viewed as an inclusion embedded in an infinite
homogeneous matrix that represents the macroscopic
aggregate. The behavior of the matrix is a priori un-
known. Therefore, we apply an upscaling method
based on an implicit system of equations: The un-
known matrix model has to be determined iteratively.
The balance of microscopic stresses at the interface
between two constituents is ensured by correcting the
macroscopic stress and strain by a so-called eigen-
stress and eigenstrain, respectively. REV properties
(e.g., the REV stiffness matrix) is deduced from the
knowledge of stress and strain concentration tensors,
which depend on the geometry of the heterogene-
ity present in the REV (Nemat-Nasser & Hori 1993,
Berryman 1995). We treat mono-crystals as spherical
inclusions in the proposed model (Figure 3).
The Kröner model, proposed initially for elasto-
plastic materials, was extended by Weng (1982) for
viscoplastic materials, in the following form:
σ̇− σ̇ = 2µ(1− β)(ε̇vp − ε̇vp), (18)
in which σ̇ is the rate of microscopic stress and σ̇
the rate of macroscopic stress. ε̇
vp
and ε̇vp denote
the macroscopic and microscopic viscoplastic strain





in which ν is the Poisson’s ratio of the homogenized
REV (a priori unknown).
Figure 3: REV of salt rock. a. Monocrystal inclusions in the
homogeneous matrix. b. Schematic representation of salt mono-
crystals in the inclusion-matrix model.
We consider both the mono-crystal inclusions and
the matrix viscoplastic. We adopted the viscoelastic
self-consistent model of Weng, which is based on Es-
helby’s inclusion model. In this model, we assume
the matrix-inclusion interaction to be purely elastic,
which implies that macroscopic viscoplasticity stems
only from grain-scale viscoplastic deformation - not
from grain/matrix incompatibilities. Small variations
of the local stress in the inclusions (σ) and small vari-
ations of the far-field stress in the matrix (σ) are cou-
pled to variations of the microscopic strain (ε) and
variations of the macroscopic strain (ε) by the follow-
ing relationship:
δσ− δσ = −L∗ : (δε− δε), (20)
where L∗ is Hill’s tensor for a spherical inclusion in
an isotropic matrix (Hill 1965). This relationship ex-
tends equation (18) to a more general case.
3.3 Micro-macro Damage Modeling
On the REV scale, we define damage as the reduc-
tion of elastic moduli and rock strength. Macroscopi-
cally, crack propagation in a rock REV can be driven
by tension, compression, or shear (Ortiz 1985, Bo-
bet & Einstein 1998). Although cracks in salt tend to
propagate at the interface between grains, we chose
to model macroscopic damage as the percentage of
grains broken in the REV. Since our approach is based
on a matrix-inclusion interaction law, it was easier
to update the constitutive relationships of the inclu-
sion than those of the inclusion interfaces. The loca-
tion of microscopic cracks (inside or between grains)
does not influence the computation of the damaged
stress and strain fields at the macroscopic level. In
brief, we considered that at the grain scale, damage
is triggered when one mono-crystal fails. Microscop-
ically, the initiation of damage at the grain scale is
restricted to a mode I failure that occurs when the mi-
croscopic stress exceeds the tensile strength of salt
mono-crystals (equal to 2MPa): If the major princi-
pal local stress of a grain exceeds 2 MPa, the grain
breaks. Damage propagates when subsequent stress
redistribution and further loading bring micro-stress
in other grains to the tensile limit. The number of un-
broken grains is denoted Ng, the number of broken
grains is noted Nb, and the total number of grains in
the REV is denoted N (with N = nu nΦ, the number
of mono-crystal orientations in the REV). The dilute
scheme estimate for the elastic matrix yields the fol-













in which the damage variable is defined as D =
Nb/N = 1−Ng/N . From the expressions of the dam-
aged bulk and shear moduli in equation (21), we re-
alize that Poisson’s ratio does not change upon grain
breakage: ν̃ = ν. The proposed micro-macro model-
ing approach combines Hill’s scheme (1965) for the
rate-independent non-linear elastic matrix behavior
(to represent the inclusion-matrix interaction) and a
brittle constitutive law for the grains subject to break-
age (to represent damage). We calculate Hill’s con-
straint tensor for the damaged matrix. As a result,
in the present work, the inclusion-matrix interaction
model accounts for brittle grain breakage, but it does
not capture the “viscous accommodation” because of
the viscous deformation of the matrix. This simpli-
fication is considered acceptable for the sake of this
study, which focuses on macroscopic fatigue behav-
ior induced by cyclic loading.
For each macroscopic stress loading increment
δq(t) applied between times tn and tn+1, we update
the macroscopic and microscopic variables in two
steps, as illustrated in figure 4:
1. The “damage phase” (tn ∼ t+n ) accounts for
instantaneous variations resulting from grain
breakage at time tn: These variations are de-
noted δσ, δε, δσ, and δε.
2. The “viscous phase” (t+n ∼ tn+1) accounts for
time-dependent variations resulting from viscous
deformation on the time interval ∆nt = tn+1 −
tn: These variations are denoted σ̇∆nt, ε̇∆nt,
σ̇∆nt, and ε̇∆nt.
Figure 4: Stress computational method: decomposition of each
time step into damage and viscous phases.
At each stress increment (i.e., time step), the grain
breakage criterion is checked at the beginning of the
damage phase (t = tn). We sort grains into three cat-
egories, depending on the stress state of the mono-
crystal:
• The grain is non-broken if the maximum prin-
cipal microscopic stress is less than the mono-
crystal tensile strength of 2 MPa.
• The grain is breaking if the maximum principal
microscopic stress exceeds the mono-crystal ten-
sile strength of 2 MPa during the current loading
increment.
• The grain is broken if the mono-crystal has al-
ready been broken in a previous loading incre-
ment.
Initially at t = tn, we calculate the damaged elas-
tic moduli from equation (21), in which Nb accounts
for both breaking and broken grains. For all types
of grains, the inclusion-matrix interaction is gov-
erned by Kröner’s formula in equation (20). Grain
breakage results in a redistribution of micro-stresses:
When breaking grains actually fail, non-broken grains
become subjected to microscopic stresses of higher
magnitude. At the beginning of the viscous phase (at
t = t+n ), resulting micro-stresses are updated by equa-
tions governing the sliding mechanisms. Note that
in some of the grains, the redistribution of micro-
stresses resulting from grain breakage (at t = t+n ) can
induce tensile stresses that exceed the tensile strength.
Grains that are subjected to higher stresses than the
tensile strength are considered non-broken during the
viscous phase of the loading (between t = t+n and
t = tn+1), and the status of the grains is checked and
updated at the beginning of the damage phase of the
following loading increment (at t = tn+1).
4 MODEL CALIBRATION WITH CREEP TESTS
We determine the model parameters by calibrating the
following relationship, which is derived from the ba-












∣∣r : al∣∣n+1〉. (23)






















Experiment (short term creep)
Approximation (short term creep)
Experiment (long term creep)
Approximation (long term creep)
Figure 5: Calibration of the approximated macroscopic creep
law against creep tests reported in Fuenkajorn & Phueakphum
(2010). Constant loading stress for short-term creep: 10, 15, 20,
and 25 MPa. Constant loading stress for long-term creep: 7.8,
10.2, 10.4, and 11.2 MPa.
The relationship in equation (22) directly relates
the macroscopic viscoplastic strain rate to the macro-
scopic stress imposed on the simulations, which
allowed us to calibrate the model against experi-
mental data. Note that we made an approximation
here: we replaced microscopic stress σ by macro-
scopic stress σ = q(t)r in the homogenized equa-
tion (11). Details of these derivations are available
in Pouya et al. (2014). After calibration, we verified
that the variations of macroscopic viscoplastic strains
predicted by the approximate law in equation (22)
followed those predicted by the non-approximated
micro-macro model with less than 5% error.
Table 1: Model parameters calibrated against the creep tests re-
ported in Fuenkajorn & Phueakphum (2010).
Creep Test γ0 (day−1) n (-)
Short Term (7 hours) 5.17× 10−4 3.58
Long Term (30 days) 2.93× 10−5 4.04
Parameter β depends on the macroscopic elastic
properties of the polycrystal in the reference state.
Poisson’s ratio is not affected by damage in the pro-
posed model: A standard value of ν0 = 0.3 was
adopted. The polycrystal Young’s modulus is also as-
signed a value typical of rock salt (Fuenkajorn &
Phueakphum 2010): E0 = 23GPa. The microscopic
constitutive law in equation (12) depends on two pa-
rameters: γ0 and n. The calibration procedure for γ0
and n is based on a genetic algorithm that selects an
optimal set of parameters that minimizes the differ-
ence between the experimental and simulated creep
curves. We used short-term (seven hours) and long-
term (30 days) creep tests results that are reported
in Fuenkajorn & Phueakphum (2010) as reference
data. We computed the distance between the refer-
ence strain rate and the computed strain rate with the
least squares method (Figure 5). The best fit for the
two creep tests provided the optimal values of γ0 and
n reported in Table 1. In the simulations that follow,
we used the set of parameters calibrated against long-
term creep test results.
5 SIMULATIONS OF SALT FATIGUE
5.1 Salt fatigue under creep loading
In the following, we present simulations of three long-
term creep tests:
• In the first test (“no damage” case), we apply a
low creep stress (5.5 MPa) and account for grain
breakage.
• In the second test (“non-damage model” case),
we apply a high creep stress (6.5 MPa) and ig-
nore grain breakage.
• In the third test (“damage model” case), we ap-
ply a high creep stress (6.5 MPa) and account for
grain breakage.
We represent the principal values of the micro-
stress of each grain by vector σi−→v i, in which the unit
vector−→v i is the ith microstress eigenvector and σi the
ith microstress eigenvalue. In plane (r, z), we show
a tensile principal stress by vector
−−→
OM (in the up-
per right quadrant, z > 0, r > 0) and a compressive
principal stress by vector
−−→
ON (in the lower left quad-
rant, z < 0, r < 0). Figure 6 illustrates the convention
adopted to plot microscopic stresses. α measures the
angle between the direction of principal microstress
and the compression axis z. Stress maps drawn ac-
cording to the convention explained in Figure 6 show
the sign and the amplitude of principal microstresses
as well as the angle between principal microstresses
and the compression axis for each grain orientation
studied in the REV.
Figure 6: Graphical representation of microscopic principal
stresses.
Results are presented in Figure 7:
• In the first test, the macroscopic strain rate
reaches a steady state in the secondary creep
phase, which indicates an absence of accelerated
creep. Microscopic tensile stresses remain below
2 MPa, which implies that none of the mono-
crystals break even though the model accounts
for grain breakage.
• In the second test, the macroscopic strain rate re-
mains almost constant and microscopic stresses
exceed the tensile strength limit, which indicates
that grains would have been broken if damage
had been accounted for.
• In the third test, the microstress goes to zero in 47
grains, and the macroscopic strain rate increases
abruptly at the end of the creep test.
These results indicate that the model can capture
the accelerated creep regime (tertiary creep) caused
by grain breakage. The simulations closely reflect
the trends observed in experiments reported by re-
searchers such as Yang et al. (1999) and Fuenkajorn
& Phueakphum (2010).
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Figure 7: Comparison of different creep tests with and with-
out accounting for grain breakage. (a) Time evolution of total
macrostrains. (b) Time evolution of viscoplastic macrostrains.
(c) Major microstress component at the end of creep tests. (d)
Minor microstress component at the end of creep tests.
5.2 Salt fatigue under cyclic loading
The following simulations were performed with the
parameters calibrated for the long-term creep behav-
ior (γ0 = 2.93× 10−5day−1, n= 4.04), under loading
frequencies typical of CAES conditions. We present
three stress-controlled sinusoidal cyclic loading tests:
• In the first test (“non-damage model” case), we
apply a cyclic loading with lower frequency 1
day−1 and ignore grain breakage.
• In the second test (“non-damage model” case),
we apply a cyclic loading with higher frequency
2 day−1 and ignore grain breakage.
• In the third test (“damage model” case), we apply
a cyclic loading with higher frequency 2 day−1
and account for grain breakage.
The maximum stress is 6.5 MPa and the loading
amplitude is 2 MPa. We compare the results after
28 cycles. As shown in Figure 8a, different frequen-
cies result in different stress rates. The macroscopic
viscoplastic deformation is due to the microscopic
viscoplastic strains that develop in the grains: The
higher the frequency, the higher the stress rate, and the
shorter the time to develop viscoplastic strains. There-
fore, for the same final macroscopic stress, higher
frequencies induce smaller viscoplastic strains and
smaller total strains. Figure 8b shows the subsequent
stress-strain curve, similar to the experimental curves
reported in Fuenkajorn & Phueakphum (2010) (Fig-
ure 7 in particular). The stress-strain cycles tend to a
limit behavior, with a constant shifting at each cycle.
This limit behavior is analogous to the “adaptation” or
“shakedown” effect in elastoplastic media, in which
the stress-strain curve exhibits a limit cycle after a
large number of loading cycles. Figures 8c and d show
the distribution of internal stresses at the end of load-
ing tests. Results confirm that higher frequency leads
to smaller microscopic viscoplastic strains, which de-
velop smaller microscopic stresses. Since grain break-
age is not accounted for, tensile microscopic stress in
some grains exceeds the tensile strength of the mono-
crystal.
In the third test, when damage is accounted for,
failure occurs after a limited number of cycles.
The model captures the redistribution of microscopic
stresses and presents the results in Figure 8. For mi-
nor principal microstresses, some grains experience
zero stress as a result of damage. Grain breakage
first occurs at the 26th cycle, and the whole polycrys-
tal fails after the 28th cycle. The increasing number
of broken grains is visible in the progressive reduc-
tion of Young’s modulus in the plot of the macro-
scopic stress/strain curve. Therefore, we note that the
model becomes extremely brittle after damage initia-
tion. These results agree with experimental observa-
tions reported by Fuenkajorn & Phueakphum (2010),
Guo et al. (2012) and Ma et al. (2013). Damage initi-
ates after a low number of cycles. After damage ini-
tiation, the behavior becomes extremely brittle: Total
failure usually occurs less than five cycles after the
initiation of damage.
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Figure 8: Simulation of cyclic loading tests with a maximum
loading stress of 6.5 MPa and an amplitude of 2 MPa.
6 MODEL IMPLEMENTATION IN POROFIS
We implemented our model in a FEM-based pro-
gram POROFIS (Pouya 2014). This program, written
in FORTRAN and using GiD as the pre- and post-
processors, enabled us to simulate salt rock behavior
with our own creep laws. We modeled a mono-crystal
embedded in a homogeneous viscoplastic matrix us-
ing POROFIS, and compared the results of creep
test simulations obtained from POROFIS to those ob-
tained from the homogenization method above (im-
plemented in MATLAB). The mesh adopted for this
model is shown in Figure 9. To describe the behavior
of the viscoplastic matrix, we used the approximated
macroscopic law in equation (22). The inclusion in
the model was circular and modeled with finite ele-
ments that were assigned the visco-plastic behavior
described by the microscopic constitutive law in equa-
tion 12. The grain orientation was assumed to be the
same for all elements, so the sphere actually repre-
sents one grain. In the following, we present results
obtained for Ψ = 0o, θ = 39o, Φ = 43o. The size of
the grain is small compared to that of the matrix, en-
suring the homogeneity of the matrix. Only slip sys-
tems number 2 and 5 are active since they lie in the x-z
plane, which is the plane of calculation for POROFIS.
We adopted a linear viscoelastic law (n = 1) and an
incompressible matrix (ν ≈ 0.5). The creep load was
10 MPa, which was imposed for 1× 105s (∼1.2 day).
Figure 9: Finite element model in POROFIS
Although we used approximated macroscopic laws
in POROFIS and grain incompatibilities are ignored
in MATLAB, results from both approaches show
close agreement. Figure 10 shows the stress distribu-
tion and the matrix deformation at the end of the creep
test. Because the grain and the matrix behave differ-
ently under the creep load, stress concentrations are
observed close to the grain/matrix boundary. We com-
puted the averaged strain of all elements using PO-
ROFIS and compared it with the macroscopic strain
obtained from the homogenization method with MAT-
LAB (Figure 11). The evolution of strains matches
at early stages, but we notice some deviation as time
evolves. We retrieved stress values at the integration
points of each finite element that represents the grain.
We compared the average stress of the grain obtained
with POROFIS to the microscopic stress obtained
with MATLAB for the same grain orientation. For
some orientations, the relative difference was as small
as 1.5%, but for a few others, we observed a relative
difference of up to 20%. We are currently studying
the differences between the MATLAB homogeniza-
tion model (developed in 3D) and the POROFIS FEM
model (developed in 2D). We will further improve the
model to better understand the grain-matrix interac-
tion.
Figure 10: Vertical stress distribution (Syy, in MPa) and verti-
cal displacement (Uy , in m) of the inclusion-matrix model using
POROFIS




















space average of strain in POROFIS
macroscopic strain in MATLAB
Figure 11: Comparison of strain evolution using POROFIS and
MATLAB
7 CONCLUSION
We developed a micro-mechanical model to study the
viscous fatigue of salt rock. The representative ele-
mentary volume (REV) of salt rock contained mono-
crystals with a uniform distribution of orientations.
The orientation-dependent sliding mechanisms in-
duced viscoplastic deformation at the grain scale. We
used an inclusion-matrix model to establish mathe-
matical relationships between microscopic viscoplas-
tic strain and macroscopic viscoplastic strain, and
between microscopic stress and macroscopic stress.
This model was based on a self-consistent homoge-
nization approach and took grain breakage into con-
sideration. Damage, defined as the ratio of the num-
ber of broken grains by the total number of grains,
allowed us to predict the progressive loss of stiffness
and the strength of the aggregate under cyclic loading.
The proposed micro-macro modeling approach en-
ables the prediction of the viscoplastic-damage be-
havior of salt rock. We observed strain hardening dur-
ing creep when the strain rate approached an asymp-
totic value. As creep loading increased, microscopic
stresses increased, resulting in more grain breakage.
Grain breakage provided a micro-mechanical inter-
pretation of the phenomenon known as “accelerated
creep.” For cyclic loading tests, grain breakage oc-
curred at lower frequency and caused the degrada-
tion of Young’s modulus. The model also captured
the dependence of viscoplastic strain on cyclic load-
ing frequency: The higher the frequency, the smaller
the macroscopic viscoplastic strain. In addition to
the micro-macro computational approach, we imple-
mented governing laws in a finite element program,
which was used to model a circular inclusion em-
bedded in a homogeneous matrix. For both computa-
tional approaches, macroscopic strains and grain mi-
croscopic stresses were similar. Model improvements
are still on-going to explain some differences noted in
microstresses for certain grain orientations.
Note that the proposed theoretical framework and
numerical tools presented herein were not intended to
be used for cavern design in their present form. How-
ever, the proposed modeling approach advanced our
understanding of the microscopic origin of viscous
fatigue in salt, which can help provide some guide-
lines to elaborate relevant macroscopic constitutive
models. We will extend our mathematical modeling
framework to include geometric incompatibilities be-
tween grains and non-elastic inclusion-matrix inter-
actions. We will also improve the damage model by
accounting for progressive grain breakage. We will
introduce joint elements at the interface between the
grain and the matrix in the FEM-based inclusion-
matrix model to account for inter-granular geometric
incompatibilities.
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